This paper introduces the speed and power control a slip energy recovery drive using voltage-source PWM converter with current-controlled technique. The slip energy occurred in the rotor circuit is transferred back to ac mains supply through a reactor and a step up transformer. The objective of the current-controlled technique is to increase power factor of the system and to reduce low order harmonics of the input line current. The drive system is designed and implemented using a voltage source inverter in conjunction with a boost chopper for DC link voltage, instead of a conventional drive using a 6 pulse converter or a Scherbius system. The slip power is recovered by the help of a voltage source inverter (VSI) based on a current-controlled technique. In order to keep the speed of the wound rotor induction motor constant over a certain range of operating conditions, the servo state feedback controller designed by a linear quadratic regulator (LQR) is also introduced and the PI controller designed by pole placement method is also introduced in control the slip power this paper. The overall control system is implemented on DSP, oller board. A 1 kW wound motor is employed for testing. It is found that the motor speed can be controlled to be constant in the operating range of 600-1200 rpm at no load and full load. It is also found that the harmonics of the input ac line current is reduced while the ac line input power factor is increased.
Introduction
Induction motor drives with full power control on the stator side are commonly used in industrial applications. Although either a cage-type or wound rotor induction machine can be used in the drive, the former is always preferred in terms of low weight, low cost, low rotor inertia, speed limitation, maintenance and reliability. One feature of the latter is that the slip power becomes easily available from the slip rings, which can be either mechanically or electronically controlled for motor speed adjustment [1] . However, for limited range speed control applications, where the slip power is only a fraction of the total power rating of machine, power rating of the converter is reduced, hence reduction in cost. The wound rotor induction motor takes this advantage. Slip power for adjusting the motor speed can be recovered through static converters instead of useless dissipation on resistors. Slip power recovery drives have been used in some applications such as large-capacity pumps and fan drives, variable-speed wind energy systems, shipboard variable-speed/constant-frequency systems, variable-speed hydro pumps/generators and utility system flywheel energy storage systems. The slip energy recovery drives (SERD) known as Scherbius system [2] [3] , offer low cost, simple control circuitry and high efficiency even at a low speed range. The SERD consists of a wound-rotor induction machine, a diode-bridge rectifier, a large link inductance, a thyristor-bridge inverter and an optional 3 phase transformer. A SERD transfers power that is normally wasted in the rotor of an induction machine back to the ac mains supply to improve overall drive efficiency. In addition, by inserting a step-down transformer between the ac supply and the inverter module, the voltage ratings of the inverter and rectifier devices may be made significantly smaller than the rated machine stator voltages. Thus, in contrast with a stator-voltagecontrolled induction machine drive, the relative power electronic units of the SERD may be designed to be smaller, lighter and less expensive. The choice of the turns-ratio of the optional transformer is based on a compromise between achieving the desired speed control range and optimizing the drive power factor [1] . For smaller values of inverter firing angle, the rotor speed is higher. Then inverter draws substantial reactive power and the inverter returns less real power to the mains. Thus the drive power factor is reduced. The drive power factor is found to be optimized for applications requiring a narrow range of speed control and a large load torque, where significant real power is returned via the inverter. A problem of SERD is having lower power factor in general 0.4 to 0.6 more or less. Drawbacks of SERD such as, 1) low power factor, 2) high current harmonic, and 3) a poor capability of the reactive power on the ac side, can be avoided by using a pulse width modulation (PWM) voltage source inverter. The drive system can control the active and reactive power on the ac line by a current-controlled technique in conjunction with the first and second a boost chopper for DC link voltage. The voltage source inverter is used to increase power factor of the system and to reduce low order harmonics of the input line current. This paper presents a simple configuration that can completely solve the first and second problems and partially solve the third problem. Although there are a number of articles which analyze the SERD with dc voltage intermediate circuit. The system proposed in this paper differs from previously discussed approaches in the following ways. 1) There is a boost chopper on the intermediate circuit providing control of the machine. 2) A decoupled control system is achieved. Effectively, the machine speed is controlled by the boost chopper and the inverter controls the reactive power on the ac side.
3) The current harmonics on the mains are reduced by a VSI based on PWM [4-5].
The aim of this paper is two-fold. The first is that the harmonics of line current waveforms are reduced by using the VSI. The second aim is to improve the power factor of the drive by the IGBT type boost chopper applied across the DC terminal. The boost DC voltage is connected to the voltage source inverter and the reactor circuit. This scheme leads to be able to adjust the speed of the motor by varying the duty cycle of the boost chopper operating in a PWM mode. [4],[9-10] Using the diode bridge connecting the rotor of the machine to the electronic circuit allows a simplified control system. The active and reactive power can be controlled by controlling the current of voltage source inverter side and ac line side connected with the reactor circuits. An inductance d L can be added on the dc side to decrease the switching frequency or the dc current ripple [2] .
Hysteresis control
Voltage source inverter 
The active and reactive power flow between grid side and converter side can be written to equation 2 and 3 [4-8]
Where apparent power is
The instantaneous real and imaginary power are part to the instantaneous complex power defined equation 5
The instantaneous real and imaginary power are part to the instantaneous complex power defined equation 7
From the transformation matrixes, the Clark transformation and its inverse transformation become The instantaneous power of the p q theory
In the following explanation, the currents will be set as functions of voltage and the real and imaginary power P and Q . This is very suitable for better explaining the physical meaning of the powers defined in the p q theory, it is possible to write
The inverse Clark transformation can be decomposed into the sum of two terms, as follows 
Modeling of DC Link
According to Fig. 3 , the mathematical model of the system is analyzed by considering a simplified equivalent circuit of the dc link with the boost chopper [7] , [12] .
Then the current in DC link can be determined from
Where m a is the turns ratio of the stator to rotor. From Eq. (12) 
Design of Controller
The speed control of motor is designed by Linear Quadratic Regulator, LQR using Matlab program. The servo state feedback controller designed is also introduced as shown in Fig.4 . The system is completely state controllable. 
R
We can try to optimize [13] . To get a fast response, 11 q must be sufficiently large compared with 22 q and 33 q . In this case, 11 q , 22 q , 33 q and R were selected with 100, 1, 1 and 1 respectively. By using Matlab command , , , , , K P E lqr A B Q R , feedback matrix gain K resulting from this LQR design is 9.9 0.98 1 K 
Simulation Current Controlled-Technique
Current controlled-technique for voltage-source PWM converter applied for a slip energy recovery drive was simulated in the Matlab/Simulink software. The wound rotor induction motor is rated at 1 kW, 4 pole with a 380 V, 50Hz as shown in figure 5. Fig.6 shows the simulated output phase voltage of converter (v ar ), the dc-link voltage (v d ), the supply phase voltage (v as ) and current (i as ) of the grid side converter operation at unity power factor, Q is set to zero, by the converter for operation in the rectifying mode. Fig. 7 also shows the voltage and the current waveforms of the converter operating in the inverting mode. As can be seen from Fig. 8 , the dynamic response of the converter to a step changed in active power reference control with active power flowing from the supply in to the dc-link, rectifying mode. The setting of active power reference is stepped from -1000 watt to +1000 watt, it can be seen that the phase current of VSC can operate under the rectifying mode and inverting mode condition. 
Experimental Setup
The experimental setup as shown in Fig. 9 , mainly consists of a dSPACE DS1104 DSP controller board, a Pentium IV 2.5 GHz PC with Windows XP, a four-pole wound rotor induction motor and the proposed voltage source inverter with the IGBT boost chopper. A 3600 pulse/rev incremental encoder for speed measurement is used. The DS1104 board is installed in Pentium IV PC. The control program is written in SIMULINK environment combined with the real-time interface of the DS1104 board. The main ingredient of the software used in the laboratory experiment is based on MATLAB/Simulink programs. The control law is designed in simulink and executed in real time using the dSPACE DS1104 DSP board. Once the controller has been built in Simulink block-set, machine codes are achieved that runs on the e the experimental is running, the dSPACE DS1104 provides a mechanism that allows the user to change controller parameter online. Thus, it is possible for the user to view the real process while the system is in progress. A dSPACE connector panel (CP1104) provides easy access to all input and output signals of the DS1104 board. The switching frequency of PWM for boost DC voltage the IGBT chopper is varied between 0-1500 Hz. The reason for using IGBT switching device is simplicity for control [14] . 
Overall System Performance
The experimental performance results of the proposed drive are illustrated in case of: (i) current waveforms and corresponding harmonics; (ii) power quality of mains supply such as total harmonic distortion (THD), displacement power factor (DPF) and power factor (PF); (iii) dynamic response.
The current waveforms and corresponding harmonic spectra of supply current
The phase voltage s E , supply line current waveforms ( ) line I and inverter current ( ) inv I waveform results were measured by using LEM sensors. These waveforms were recorded by the digital power quality FLUKE 43B as shown in Figs. [10] [11] . In this figure show phase voltage s E and supply line current and inverter current waveforms of the CC-VSI at slip 0.5 and at slip 0.2. These reveal that the current control voltage source inverter can help a reduction in fundamental current magnitude and an increase in power factor. Fig.12 show harmonic spectra of the supply line current corresponding. Trends of the magnitudes of the fundament current and harmonic contents of the proposed CC-VSI are reduced. 
Power quality on mains supply and inverter side
The experimental results can be summarized as follows: The total harmonic distortion (THD), displacement power factor (DPF), power factor of ac mains supply and power were measured using the digital power quality FLUKE 43B at 100% load torque. Figs. [13] [14] show drive performance at slip of 0.5 and 0.2(near rated speed operation) respectively. The proposed CC-VSI gives high power factor and displacement power factor. Power factor, displacement power factor and efficiency for all drives at high speed operation are higher than at low speed operation. These agree with the characteristic of the conventional Scherbius system as mentioned before. It is noted that generally slip power recovery drives give quite low efficiency particularly at a low speed region. Total harmonic distortion of the supply current for the proposed CC-VSI is much better than conventional SRED at low to high speed operation. These results confirm the performance improvement and the increase in overall system efficiency for the proposed drive. 
Response of Speed
To evaluate the performance of the system, a series of measurements has been conducted. The measurements can be divided in two groups: the first is a step change of the speed reference at constant load torque and the second is a step change of the load torque at constant speed reference. As shown in 
Conclusion
In this paper, the current control technique for voltage-source PWM converter applied for a slip energy recovery drive can be achieved. The total harmonic distortion of the supply line current waveforms are reduced to 9.1 % at slip 0.5 and 8.6 % at slip 0.2 respectively. The power factor obtained from CC-VSI with a boost chopper for DC link voltage is at inverter side have been 0.85 at slip 0.5 and 0.31 at slip 0.2 respectively. The servo state feedback controller is applied to speed signal model of the motor and is then downloaded to dSPACE board DS1104 through Simulink. The experimental results testing with the 1000 watt wound rotor induction motor at zero load condition to rated condition have shown obviously the performance improvement. It has been found that the speed of the induction motor can be controlled at the desired speed. In addition, the motor speed can keep constant when the load varies. Due to the control of motor speed, active and reactive power with either the adjustment of the duty cycle of a chopper or the adjustment of the hysteresis of a CC-VSI, this technique also offers an advantage in ease of control. In addition, with a small size of a converter to handle slip power about 30% of rated machine power, certainly, it can be applied to the full scale practice particularly for high power pump and renewable applications.
